In the course of Sfrepfomyces differentiation, glycogen is accumulated in two discrete phases: in substrate hyphae that undergo aerial mycelium formation (phase I), and during septation of aerial hyphae (phase 11). We have disrupted a previously identified gene, g/gB, encoding a putative glycogen-branching enzyme in Streptomyces aureofaciens. Disruption of the gene had no profound effect on sporulation. However, the amount of glycogen-like polysaccharides, compared to wild-type (WT) S-aureofaciens, decreased in the late stage of differentiation of the glgB-disrupted strain. Absorption spectra of polysaccharides extracted from the WT and g/gB-disrupted strains have shown the presence of glycogen in both strains in the first stage of differentiation (aerial mycelium formation), and unbranched glucan was detected in the g/gBdisrupted strain in the late stage of differentiation. The results were confirmed by electron microscopy after silver proteinate staining of glycogen granules. Two distinct glycogen-branching enzymes, which had temporally different expression during differentiation, were detected in WT 5. aureofaciens. The absence of this enzyme activity in the late stage of differentiation in the g/gB mutant suggests that the product of the g/gB gene is responsible for phase II glycogen accumulation.
INTRODUCTION
Streptomycetes are Gram-positive mycelial soil bacteria that undergo a complex process of morphological differentiation. Germination of spores on solid media leads to the formation of a vegetative (substrate) mycelium consisting of a network of branching, multinucleoidal hyphae. In response to unknown signal(s), which may involve nutrient limitation, the substrate mycelium gives rise to an aerial mycelium consisting of upwardly protruding hyphae that impart a characteristically fuzzy, white appearance to the colonies. The aerial hyphae undergo septation to form chains of uninucleate cells, which metamorphose into pigmented spores that impart a species-specific colour to the colonies. Coincident with morphological differentiation, streptomycetes produce a variety of biologically active secondary metabolites, including the majority of known antibiotics (Champness & Chater, 1994; Chater, 1993) .
Glycogen (a large polymer of 1,4-a-linked glucose residues with 1,6-a-linked branches) is accumulated in many bacteria as a storage material providing nutrient supply for endogenous metabolism and possibly for survival under starvation conditions. Its biosynthesis involves three enzymes : ADPglucose pyrophosphorylase (EC 2.7.7.27), glycogen synthase (EC 2.4.1.21) and the branching enzyme (1,4-a-~-glucan : 1,4-a-~-glucan 6-glycosyltransferase ; EC 2 . 4 . 1 .1 S), products of the glgC, gZgA and gkgB genes (Preiss & Romeo, 1989) . Glycogen has been detected in several Streptomyces spp. (Brada e t al., 1982; Ranade & Vining, 1993; . In the course of Streptomjces differentiation, glycogen Abbreviations: EM, electron microscopy; VVT, wild-type.
accumulates in two temporally and spatially distinct phases (Brada etal., 1980 (Brada etal., , 1986 
D. H O M E R O V A a n d O T H E R S
Phase I takes place in substrate hyphae, in the region from which aerial hyphae emerge, and phase I1 occurs i n the tips of aerial hyphae during septation into spores. These observations suggest that glycogen accumulation and degradation may play a role in morphological differen- (1993) . For preparation of surface-grown cultures, 10' spores of WT or disrupted S. azlreofaciens strains were spread on sterile cellophane membranes on solid Bennet medium (Horinouchi e t al., 1983) and grown to the appropriate phase of development.
Conditions for E. coli growth and transformation were as described by Ausubel et al. (1987) . DNA isolation and Southern blot hybridization. E. coli plasmid DNA was isolated as described by Ausubel et al. (1987) .
Chromosomal DNA from WT and disrupted S. aureofaciens strains was isolated according to Hopwood et al. (1985) . Chromosomal DNA (1 pg) was digested with the appropriate restriction endonuclease, separated by electrophoresis in a 0. Analytical procedures. All determinations were done in triplicate using three independent plates for each time point over the course of differentiation. Extraction and determination of polysaccharides were done as described by Braiia et al. (1982) , except that the amount of polysaccharides was expressed as pg polysaccharides (mg protein)-' in the cell extract. This expression is more precise since it takes into account only disrupted cells. The protein concentration was determined by the method of Bradford (1976) . For dry cell weight determination, mycelium from three plates was removed and dried at 100 "C to constant weight. The iodine-polysaccharide complexes were prepared as described by Brafia etal. (1982) , and the absorption spectra of the complexes were measured in a Beckman DU 20 recording spectrophotometer. The absorption spectra of iodine-polysaccharide complexes were measured in aqueous solutions and in the presence of (NH,),SO, to half saturation. For comparison, the spectra of well-characterized polysaccharides glycogen, amylopectin and amylose were determined under the same conditions.
Protein extraction. After harvesting from plates, cells were washed in extraction buffer (50 mM Tris/HCl, pH 7.0; 1 mM EDTA; 10 mM mercaptoethanol; 0.2 mM PMSF) at 4 "C. All other procedures were done at this temperature. Cells (1 g wet weight) were suspended in 2 ml extraction buffer and sonicated at 20 W on ice with six bursts of 15 s, allowing 20 s in between for cooling. The suspension was centrifuged at 100 000 g for 1 h, yielding the SlOO (supernatant) fraction.
Staining to detect glycogen-branching enzyme activity.
Glycogen-branching enzyme activity was detected after native starch-PAGE as described by Rammesmayer & Praznik (1992). Samples of SlOO fractions (10 pg protein) were loaded on 15 % (w/v) acrylamide/l % (w/v) starch gels and further treated as described by Rammesmayer & Praznik (1992). The zones of glycogen-branching enzyme activity appeared as sharp red bands on the blue-stained background.
Electron microscopy (EM).
At various times of growth, samples of mycelium were removed from cellophane and fixed in 3 % (w/v) glutaraldehyde in 0-1 M sodium cacodylate at room temperature (Gordon et al., 1963) . Samples were dehydrated with ethanol and acetone, and embedded in Vestopal. Thin sections were stained for polysaccharides according to Thiery (1967) . Control samples were prepared in the same manner except that they were stained in periodic acid. The general morphology of mycelium samples was checked on samples fixed according to Kellenberger et a/. (1958) and stained according to Reynolds (1963) . Electron micrographs were taken with a Philips CM-12 electron microscope.
RESULTS

Disruption of the glgB gene
Based on the high amino acid sequence similarity, the g@ Experimental details are in Methods. Lanes: 1, Smal-digested WT 5. aureofaciens CCM3239 DNA; 2, Smaldigested DNA from the glgB-disrupted strain; 3, EcoRV-and Notl-digested VVT DNA; 4, EcoRV-and Notl-digested disrupted DNA; 5, Sad-and Clal-digested WT DNA; 6, Sad-and Clal-digested disrupted DNA; 7, Sphl-and EcoRV-digested WT DNA; 8, Sphl-and EcoRV-digested disrupted DNA. The Southern blot was probed with probe 1 comprising part of glgB. The same blot was treated to remove radioactive probe 1 as described in Ausubel et a/. (1987) and probed with probe 2 comprising the tsr gene under the same conditions. Mlul-digested 1 DNA was used as the M, standards.
may encode a glycogen-branching enzyme. To prove this, (Homerova & Kormanec, 1994 ; MacGregor & Svensson, we attempted to disrupt the S. azlreofaciens chromosomal 1989), and should result in a null mutation. The resulting allele ofglgB. To disrupt the gene, we replaced the W T plasmid, pRP06-26F, was used to transform S. aztreoglgB chromosomal allele by a disrupted one with an faciens. Three thiostrepton-resistant transformants were inserted tsr gene (Fig. la) . The tsr marker replaced the chosen and integration of pRP06-26F into the chromosequences encoding regions 3 , 4 and 5 that were assumed some was confirmed by Southern blot hybridization. In to constitute the active site of branching enzymes one case, the integration occurred through double cross- 
over, resulting in the replacement of the WTglgB gene by the disrupted allele (Fig. lb) .
Disruption of g/gB affects the morphology of the stage II glycogen deposits
The glgB-disrupted strain resulting from a double recombination event was viable and stable. Growth in liquid TSB medium and minimal NMP medium (Hopwood e t al., 1985) was comparable with the WT strain. O n solid Bennet medium, the disrupted and the WT strains produced comparable aerial mycelium and spores. Light microscopic and EM analysis showed no obvious morphological defects. However, EM of ultrathin sections of colonies grown on solid medium to a different stage of differentiation and stained with silver proteinate (Thiery, 1967) showed differences in the morphology of polysaccharide granules in the glgBdisrupted strain, compared to the W T strain. As previously described for other Streptomyes strains (Braiia e t al., 1982 (Braiia e t al., , 1986 , S. aureofaciens accumulated glycogen granules in two different stages during differentiation. Undifferentiated young substrate mycelium (12 h) lacked any polysaccharide granules. The granules appeared in those parts of the substrate mycelium from which aerial branches emerge, at the time of aerial mycelium formation (19 h) (data not shown). This accumulation was termed phase I . After 30 h growth, a well-developed aerial mycelium could be observed that was free of polysaccharide granules. In the sporulating hyphae undergoing septation (after 47 h cultivation), new deposits of polysaccharide granules (phase 11) were visible at the tips of the aerial mycelium. In contrast to Streptomp-es antibioticus (Braiia e t al., 1986) , and similar to Streptomyes coelicolor , the granules were visible only in those parts of sporulating hyphae that underwent the final septation (Fig. 2a) . Similarly to results from other Streptomyes strains (Braiia e t al., 1986; , polysaccharide granules decreased during spore maturation, and were absent in mature spores (data not shown). In the glgB-disrupted S. aureofaciens strain, polysaccharide granules were clearly visible in substrate mycelium (phase I), similar to the W T strain (data not shown). However, in the sporulating hyphae, the polysaccharide deposits of phase I1 had a conspicuously changed appearance. Instead of small dispersed granules, immature spores contained very large irregular bodies (Fig. 2b) . The appearance of the deposits was similar to one class of E. coliglgB mutant containing unbranched 1,4-~-linked glucan deposits (Lares etal., 1974 Fig, 4 . Iodine absorption spectra of polysaccharides extracted from different stages of differentiation of 5. aureofaciens WT (a) and glgB-disrupted strains (b). Strains were grown on solid Bennet medium covered with a cellophane membrane.
At the time indicated a t the top of the figure the mycelium was removed from the plates and treated as described in Methods. Absorption spectra of the well-characterized polysaccharides potato amylose and amylopectin (Koch-Light) and glycogen from mussels (Boehringer Mannheim) were determined under the same conditions (c). Thin lines indicate spectra measured in aqueous solution. Thick lines indicate spectra measured in 50 % (w/v) saturated ammonium sulphate sol ut ions.
Analysis of the polysaccharides in the glgB-disrupted strain during differentiation W T strain; the maximum level was found at the beginning of aerial mycelium formation (19 h). The results show that
Based on the results above, it seems likely that the amount of polysaccharide deposits in the glgB-disrupted strain decreases during sporulation. Therefore, the amount of polysaccharides during colony differentiation in W T and g@?-disrupted S. azlreofaciens strains was measured. The time course was similar in both strains during substrate mycelium formation and at the beginning of aerial mycelium formation (Fig, 3) . However, during sporogenesis, accumulation was different. In the W T strain, the amount of polysaccharides increased, reaching a maximum at 40 h, which approximately corresponds to the onset of sporogenesis ; a gradual decrease followed as maturation of spores proceeded. The course was similar to glycogen accumulation in 5'. antibioticas (Brafia et a/., 1986) . In the glgB-disrupted S. aureofaciens strain, the amount of polysaccharides decreased earlier than in the the disruption of glgB also affects the amount of polysaccharides produced in later stages of 5'. azlreofaciens differentiation.
The qualitative characteristics of the polysaccharides were investigated, following extraction from mycelium grown to various stages of differentiation. Iodine complexes of glycogen have a wavelength of maximal absorbance ( A, , , ) of about 420nm, depending upon source; the A, , , of amylopectin (partially branched polysaccharide) is between 530 and 550 nm, and that of amylose (unbranched polysaccharide) is more than 600 nm (Archibald et a/., 1961) . The results showed (Fig. 4) that polysaccharides isolated from substrate mycelium of both strains at the beginning of aerial mycelium formation (19 h) have very similar absorption spectra, with a A , , , of 420 nm. This value corresponds to the glycogen-like polysaccharides with high branching. This glycogen may correspond to phase I polysaccharide deposits visible in EM stained sections in both strains. Differences in the spectra appeared after 35 h growth, corresponding to welldeveloped aerial mycelium, where the A, , , value of the glgB-disrupted strain shifted to the higher wavelength (600 nm), which corresponds to unbranched polysaccharides (Fig. 4b) . The shift in the A, , , in the glgBdisrupted strain is pronounced with polysaccharides isolated from later phases of differentiation, while absorption spectra of polysaccharides from the WT strain are similar in all stages of differentiation, and correspond to glycogen-like polysaccharides (Fig. 4a) . The marked increase in the absorbance maximum of iodinepolysaccharide complexes in the presence of ammonium sulphate differentiates glycogen from the less-branched amylopectins (Archibald et al., 1961) . Therefore, the same absorption spectra were measured in the presence of ammonium sulphate to half saturation. As shown in Fig.  4(a) , only glycogen is present in all stages of differentiation of the WT strain (absorbance maximum increased sevenfold in the presence of ammonium sulphate), while in the glgl3-disrupted strain (Fig. 4b ) glycogen is present in earlier stages of differentiation as phase I glycogen (similar increase in absorbance maximum to the WT strain), and in the course of differentiation the amount of the glycogen decreases and unbranched polysaccharides are produced (only a negligible increase of A,,, was detected). The results show that the disruption of glgB resulted in the presence of unbranched polysaccharides in later stages of differentiation. In the early stages, the glycogen-like polysaccharides are present in the gZgl3-disrupted strain, similar to the WT strain.
Detection of the glycogen-branching enzymes during differentiation in WT and glgB-disrupted strains
The previous results suggested the presence of two glycogen-branching enzymes in 5'. nweofaciens, each being responsible for formation of glycogen in a distinct developmental stage and cell compartment : in substrate mycelium at the time of aerial mycelium formation (phase I) and in sporulating aerial hyphae (phase 11). T o prove this, the cell extracts from WT and glgB-disrupted strains, cultivated on solid Bennet medium to different stages of differentiation, were analysed by native starch-PAGE, and specifically stained for glycogen-branching enzyme activity. This method is based on native electrophoretic division of proteins in the presence of starch, followed by reaction of starch-utilizing enzymes with the starch present in the gel. Starch forms a blue background in the gel after staining, a-amylase gives a transparent band corresponding to utilized starch, and a red band corresponds to glycogen, formed by the migration of a glycogen-branching enzyme to this position (Rammesmayer & Praznik, 1992) . As shown in Fig. 5 , two distinct glycogen-branching enzymes are present in the W T S. azlreofdciens strain. The enzyme with faster mobility is present only in the early stages of differentiation (19 h, corresponding to aerial mycelium formation), while both forms of enzyme are present in the 40 h sample (corresponding to aerial mycelium approximately at the onset of sporulation). Later in sporulation, only the slower migrating form of the enzyme is present. In the glgB-disrupted strain, only the faster migrating form of the enzyme is present, and only in the early stages of differentiation. The slower migrating form was missing in these samples. The results indicate the presence in S. aureofaciens of two glycogen-branching enzymes with different electrophoretic mobilities and differentially regulated expression during differentiation of S. aureofaciens.
The disruption ofglgB affects only the later form of the enzyme, responsible for formation of phase I1 glycogen.
DISCUSSION
In Streptomyces, two phases of glycogen accumulation were detected during differentiation (Brafia e t al., 1986; 1989) . However, in several Bacillus spp. only one set of genes encoding enzymes involved in glycogen metabolism, with distinct operon organization, has been identified (Kiel et al., 1991 (Kiel et al., , 1992 (Kiel et al., , 1994 . T o date, the last two identified gZgB genes, in the ruminal bacterium Batyrivibrio jbrisolvens and the cyanobacterium Synechococcus sp., also seem to be present only in one copy on the chromosome (Kiel et al,, 1990 ; Rumbak e t al., 1991).
The presence of twoglgB genes in Streptomyes seems to be connected with two distinct phases of glycogen accumulation in two different 'tissues ' (substrate mycelium and aerial hyphae) during cellular differentiation. This process of differentiation resembles the life cycle of several lower eukaryotes and fungi. The fungus 1'hymiy-e.r blakeslreanw also appears to contain two sets of genes since, similarly to Streptomyes, two stages of glycogen accumulation were identified during differentiation into sporangiophores (Rua e t a/., 1993). Likewise, two differentially controlled genes for glycogen synthase have been identified in the yeast Saccharomyes cerevisiae (Farkas e t al., 1991) , and during the developmental cycle of the slime mould Dict3/oste/zum discoidearn, two genes encoding glycogen phosphorplase are differentially expressed (Rogers e t al., 1994) . Therefore, it seems that, based on this gene duplication, Streptomyces spp. are more similar to lower eukaryotes than to bacteria. Some preliminary experiments suggest that other genes of primary metabolism are also duplicated. S. aureofaciem appears to have two gajt~ genes encoding the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (Kormanec e t al., 1995) . It evokes the idea of two distinct primary metabolic pathways (or only several key enzymes), each active in a distinct cellular compartment during cell differentiation. This hypothesis requires further studies, particularly on the primary metabolism genes and the spatial location of their products.
